Abstract: Vehicle to Grid technology allows the batteries of electric vehicles to operate as energy storage elements for renewable energy power systems. The Z-Source inverter is a new and attractive topology for the power electronics interface. In this paper, the equivalent DC-link voltage ripple of a single-phase Z-Source inverter for Vehicle to Grid applications is analyzed in this paper before deriving a general design approach for the Z-Source network. These theoretical findings, and design rule for a Z-Source network have been confirmed by computer simulations and a laboratory-implemented prototype.
Introduction
Electric Vehicles (EV) have attracted widespread research interest worldwide due to their attractive contributions to reducing gasoline consumption and carbon dioxide emissions. A large-capacity battery which can be recharged from the public utility is required for long distance driving. Furthermore, a bi-directional power electronics interface allows the battery to operate as a Distributed Generator (DG) to supply power to the grid or vice versa. The reliability of the renewable energy system will be greatly enhanced with the vast untapped storage of EV fleets when connected to the grid [1] , which is known as the Vehicle to Grid (V2G) technology.
OPEN ACCESS
Power converters with high efficiency, good power quality, bidirectional power flow, low cost and compact size are in great demand to meet the requirements of Vehicle to Grid technology. The newly-presented Z-Source inverter [2] provides an attractive single-stage topology for both voltage boosting and inversion. The topology of single-phase full bridge Z-Source inverter is shown in Figure 1 . The DC-side of a conventional single-phase full bridge voltage source inverter is modified with a unique X-shape impedance network, which is known as the Z-Source network. Therefore, shoot-through state, which is strictly forbidden in conventional voltage source inverters, is allowed and implemented here for voltage boosting purposes. Since the capacitor in the Z-Source network may be charged to a higher voltage than the DC source, a diode is connected to prevent possible discharging. To realize the bidirectional power flow characteristic, the diode can be replaced with an IGBT with anti-paralleled diode to form a bidirectional Z-Source converter. Since this paper focuses on the discharging of batteries, a diode is used in the following analysis.
Large numbers of publications can be found regarding problems of pulse width modulation for this special shoot-through state [2] [3] [4] , various modeling and control methods [5, 6] and possible applications [7] [8] [9] [10] [11] . The equivalent DC-link voltage ripple of Z-Source inverter is one of major concerns since it is directly related to inverter output power quality. The steady state operation and equivalent DC-link voltage ripple of three-phase Z-Source inverters have been investigated in detail [12] . Nevertheless, single-phase utility connections are more common in households and the equivalent DC-link voltage ripple of a single-phase Z-Source inverter has not been reported so far. Therefore, to fill this gap, the equivalent DC-link voltage ripple of a single-phase Z-Source inverter is analyzed in this paper before deriving a general design approach for the Z-Source network.
DC Side Current of Single-Phase ZSI
Several pulse width modulation techniques are available so far for the Z-Source inverter, including Simple Boost Control [2] , Maximum Boost Control [3] and Constant Maximum Boost Control [4] . Simple Boost Control, which is generally used for its easy implementation, is described in Figures 2 and 3 . Six possible operation states of ZSI are identified in [12] , among which Active-1, Open-1 and Shoot-through-1 States (named "dynamic states") contribute to the power conversion process. Since the Active-1 and Open-1 states behave in a similar manner, the Open-1 state could be considered as part of Active-1 state for analytical simplicity without introducing much error [12] . The other three operation states (named "static states") only occur when the capacitor voltage and inductor current fluctuate over a wide range. These three static states can be easily avoided by proper sizing of the Z-Source network components [12] . The following analysis is derived based on several assumptions: (1) switching frequency is high enough compared to output frequency; (2) Open-1 state could be considered as part of Active-1 state; (3) static states are avoided; (4) effects due to switch transitions are negligible. Since the inverter bridge itself has no energy storage elements, the instantaneous power input must equal the instantaneous power output:
where 
where I d (bar) and i d (t) denote the average and oscillating value of DC side current, respectively. Since this paper focuses on the design of a Z-Source network, the inverter bridge can be modeled as a current source I d (t), which is shown in right side of Figure 1 . Equation (2) indicates that in addition to the DC component, the current also contains a sinusoidal component at twice the output frequency. The DC side current of a three-phase ZSI only contains the DC component, which solely results in high-frequency DC-link voltage ripple [12] . The situation of single-phase ZSI, nevertheless, is more complicated: (1) the DC component yields similar results to the three-phase case; (2) the sinusoidal component leads to a sinusoidal oscillation of the DC-link voltage, also at twice the output frequency. Therefore, both high and low frequency ripples need to be taken into consideration when sizing the Z-Source network.
High-Frequency Ripple Analysis of Single-Phase ZSI
High-frequency ripple analysis of single-phase ZSI should to be performed first in order to provide the operating point needed in low-frequency ripple analysis later. High-frequency ripple analysis of single-phase ZSI is essentially of the same pattern as that of three-phase ZSI presented in [12] . Effects related to low-frequency ripples could be temporarily neglected without much error since the allowed low-frequency ripple factors are usually small. During Shoot-through-1 (S-1) state, the diode gets reverse biased and energy is transferred from capacitors to inductors through these shoot-through switches ( Figure 3a ). If we assume that capacitor voltage and inductor current vary linearly with time instead of sinusoidal waveforms, peak ripple value of capacitor voltage ΔV c (s) and peak ripple value of inductor current ΔI l (s) during S-1 state could be expressed by:
where T s stands for carrier time period, L and C for inductance and capacitance of Z-Source network, E s for DC source voltage, V c(s) (bar) and I l(s) (bar) for average value of capacitor voltage and inductor current during S-1 state. During Active-1 (A-1) state, the diode gets forward biased and energy is transferred from DC source and inductors to load and capacitors (Figure 3b ). Peak ripple value of capacitor voltage ΔV c(A) and peak ripple value of inductor current ΔI l(A) during A-1 state could be expressed by:
where V c(A) (bar) and I l(A) (bar) stand for average value of capacitor voltage and inductor current during A-1 state. Figure 4 shows the waveforms of capacitor voltage and inductor current analyzed above. 
By combining (2)-(5), the average value of capacitor voltage and inductor current could be expressed as:
High-frequency ripple factor of capacitor voltage and inductor current can be expressed as:
Both two high-frequency ripple factors should be limited in a narrow range for two major reasons. First, assumption (3) may be invalid since static states may occur when the capacitor voltage and inductor current vary over a wide range. In addition, smaller ripple factors are also desired in order to reduce the harmonic distortion of inverter output voltage, which is an important issue in V2G applications. However, smaller ripple factors also mean larger capacitors and inductors. Therefore, a trade-off has to be made here by the designer while choosing the ripple factors.
If Figure 3a) . Therefore, high-frequency ripple factor of DC-link voltage:
Low-Frequency Ripple Analysis of Single-Phase ZSI
As mentioned above, low-frequency ripples of single-phase ZSI originate in the oscillating component of the DC side current. Therefore, the major objective of low-frequency ripple analysis is to calculate the corresponding low-frequency oscillating component of capacitor voltage, inductor current and DC-link voltage caused by i d (t), respectively.
Base on the operating point given in high-frequency ripple analysis, capacitor voltage, inductor current and DC-link voltage can be expressed by:
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where v c (t) i l (t) v d (t) are corresponding low-frequency oscillations. Hence, based on Equation (2) DC side current could be modified as:
During S-1 and A-1 state: Figure 5 shows the waveforms of capacitor voltage and inductor current for low-frequency ripple analysis.
Therefore, capacitor voltage and inductance voltage variation for one carrier period: 
Low-frequency ripple factors of capacitor voltage and inductor current: Figure 5 . Waveforms of capacitor voltage and inductor current for low-frequency ripple analysis.
Finally, the low-frequency DC-link voltage ripple factor is given by:
Z-Source Network Design Approach
Based on above analysis, a detailed design approach of Z-Source network of single-phase ZSI is presented with both high-frequency and low-frequency ripple constraints taken into consideration. Since the paper focuses on Z-Source network design, only the required capacitance C and inductance L are taken as the design output variables. On the other hand, low (high) frequency DC-link voltage ripple factor is proportional to low (high) frequency capacitor voltage ripple factor (refer to Equations (7) and (9), (18) and (19), respectively). Therefore, the input variables of the design procedure in Figure 6 should include: targeted high-frequency capacitor voltage ripple factor k vc(H)1 targeted high-frequency inductor current ripple factor k il(H)1 targeted low-frequency capacitor voltage ripple factor k vc(L)1 targeted low-frequency inductor current ripple factor k il(L) 1 The design procedure includes the following steps: One single-phase ZSI (as Table 1 ) adopting Simple Boost Control [2] is presented as a design example. To meet four different groups of design requirements, the corresponding Z-Source network design results are listed in Table 2 . Computer simulation results attained using Matlab/Simulink are also provided (Figure 7 ) to verify the effectiveness of the proposed design procedure. It is notable that the discrepancy existing between design and simulation increases with ripple factor.
Simulation low-frequency capacitor voltage ripple factor is calculated by: Table 2 . Z-Source network design results. 
Design Input Design Output Simulation Comparison
k vc(H)1 k il(H)1 k il(L)1 k vc(L)1 (k v(L) ) L/mH C/uF k vc(L)
Experimental Verification
The same parameters as the simulation (Table 1) are used for the laboratory prototype. For illustration of the accuracy of the proposed design approach, the low-frequency capacitor voltage ripple factor is both theoretically calculated and experimentally measured for individual groups of Z-Source network (L and C) combinations. Experimental results are summarized in Table 3 and Figure  8 and shown in detail in Figure 9 . The experimental low-frequency capacitor voltage ripple factor is calculated by: Table 3 and Figure 8 , it is noted that the accuracy of proposed design method is acceptable for small ripples, but deteriorates with larger ripples, which is expected from the computer simulation. This observed feature indicates that for large ripple factor design cases, the design results obtained by theoretical calculation need further modification by simulation or experimental test. The cause of this phenomenon could be explained by that the accuracy of linear approximation deteriorates with increasing ripple.
Conclusions
In this paper, Z-Source network design rules of a single-phase Z-Source inverter for batteries discharging of Vehicle to Grid applications are proposed based on limiting the low-frequency ripples within an acceptable range. Computer simulation and experimental results are provided to verify the effectiveness of the proposed design method. For small ripple design cases, the presented design method is of acceptable accuracy. For large ripple factor design cases, the design results obtained by theoretical calculation may need further modification by simulation or experimental tests. Possible contributing factors to the existing discrepancy for large ripple factor include the assumption that linear approximation accurate enough.
